The formation of etch pits along screw dislocations on KBr(1 0 0) surface during its dissolution by water is investigated by means of atomic force microscopy (AFM). Clean KBr(1 0 0) is obtained by cleavage. A weak solution of water in isopropyl alcohol is used to investigate the etching in real time. Observations of the etch pit evolution with etching time show that concentration of atomic steps on the pit walls and dissolution rate of the walls vary up to complete dissolution of the screw dislocation. The screw dislocation removal stabilizes the dissolution, resulting in constant values of atomic steps concentration on the pit walls and their dissolution rate during further etching, which continues according to the crystal dissolution stepwave model. It was found that the movement of AFM scanning tip essentially affected the etching process.
Introduction
The solid-state dissolution processes are a subject of continuous research attempts whose results are of interest both for basic knowledge and for applications. Gained data extend the knowledge about fundamental processes of environmental geology and engineering. Acquired knowledge is widely applied in different areas of industry where passivation, corrosion or ablation are involved.
Conventional methods employed in the solidstate dissolution investigations, which are based on measurements of instantaneous ion concentration changes of the solution, do not yield direct information about the influence of surface structure and topography on the kinetics of the process. The results of averaging do not uncover the entire run of dissolution, and elucidation of the mechanism for a given area of the phase boundary is not possible [1, 2] . A breakthrough in this field has been made with the advent of experimental works employing atomic force microscopy (AFM) [3, 4] . The technique enables visualization of microscopic events associated with the solid-state dissolution in situ. Moreover, changes in topography of a surface can be observed in the real time, provided that they occur with a rate comparable to that of imaging by the microscope [5, 6] .
From the AFM investigations, various models of crystal dissolution mechanism [7, 8] have been derived, which are generally based on the Burton-Cabrera-Frank (BCF) theory [9] [10] [11] . Currently, theoretical models enable description of the dissolution process for a wide group of minerals [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] .
Herein, the results of our studies on etch pits formation during dissolution of the 1 0 0 oriented single KBr crystal are reported. According to our best knowledge these are the first direct observations of water dissolution of KBr(1 0 0) face which have been carried out in real time. As a material, KBr is soft (1.5 Mohs hardness) with density of 2.74 g cm −3 and relatively high melting point (748°C). Owning NaCl structure it can be easily cleaved along the {1 0 0} planes. Well water soluble at room temperature it is practically insoluble in alcohol. For the investigation, a solution of small amount of water with isopropyl alcohol was used. Water concentration in the solution has been chosen so low in order to reduce KBr dissolution rate to a level allowing the real time AFM observations of etch pits formation.
It was found that at screw dislocations, dissolution results in creation of pyramid-like pits. The formation process of the pits at defect sites and their evolution up to the moment of dissolution stabilization due to complete removal of the screw dislocation by the etching are discussed. Further, dissolution mechanism is explained in terms of the stepwave model.
Experimental
The AFM apparatus (Nanoscope III, Digital Instruments; Veeco) with a liquid cell was used for investigations performed at room temperature. Surface imaging was made in contact mode. Scanner could image a surface area of 13 × 13 µm 2 and 9 × 9 µm 2 in air and liquid, respectively. An AFM probe was applied with a cantilever 200 µm long and 0.06 N·m −1 elastic constant, and a tip of 2.86 µm height, 4 µm base diameter and 10 nm radius (NP-S10, Veeco). The clean (1 0 0) surface of the crystal was obtained by cleaving, which was followed by AFM examination in air. Then, the preparation was placed in the liquid cell containing pure isopropyl alcohol solvent in order to choose optimum scanning conditions. Scanning frequency was about 0.5 Hz, and scanning period 3 minutes. Afterward, H 2 O was introduced with a pipette to have a 0.2 % solution.
The solution was passed through the liquid cell with a rate of 0.05 mL·min −1 . The flow rate was adjusted with commercial valves. In such conditions, the crystal water dissolution and the KBr(1 0 0) surface etching process was investigated. Circulation of the solution did not affect the tip-surface contact. AFM image analysis was performed using the WSxM program [22] .
Results and discussion
The AFM measurement on the KBr(1 0 0) surface, which was made just after cleaving the crystal, unveiled terraces of the width between 0.1 and 2 µm, with a majority of ∼1 µm ones. Their height is 0.33 nm, which corresponds to half the lattice parameter (1/2 a) of KBr. Thus, the surface is smooth and alternately decorated with K + and Br − ions. A number of defects appeared, such as screw and edge dislocations, and KBr voids (Fig. 1a) . We focused our attention on crystal dissolution progress in the site of a left-handed screw dislocation (Fig. 1b) . It was of helix type with three coils and a base diameter of about 5 µm. The width of helical terraces ranged from 0.5 to 1.5 µm. The magnitude of Burgers vector for the dislocation was 1/2 a. Treating the sample with the solvent allowed the optimum AFM operation and a stable working mode during recording of the KBr dissolution process. The isopropyl alcohol caused a slight deterioration of image quality with disappearance of terrace edges. Deterioration of the resolution in the direction normal to the surface was not due to dissolution of material because repeated scanning of the same surface area exposed to isopropanol did not affect the sample's topography. Nonetheless, the shape of voids changed from that of a round object to the one with perpendicular walls and sides parallel to the 1 1 0 directions. Roughness coefficient (RMS, Rq-Root Mean Square) for an area of 9 × 9 µm 2 was found to be 3.5 nm.
In order to slow down the dissolution, a weak isopropanol solution of water was applied and the liquid was passed with a steady rate through the liquid cell. The measurements were done for the solution of water concentration equal to 0.2 %. For the area 9 × 9 µm 2 , the RMS roughness after 4 and 150 minutes was 3.6 and 7.8 nm, respectively. The rise in the factor must have been connected with etching leading to the appearance of numerous cavities in the dislocation sites.
The evolution of etch pits in the screw dislocation sites has been analyzed in detail: an example is shown in Fig. 1b . The etch pit has a square-base pyramid shape whose axis is perpendicular to the sample surface. The base area increases with duration of the exposure to water (Fig. 2) . Sides of the base are parallel to the 1 1 0 directions. In order to estimate the relative rate of the pit's volume etching, an analysis of its size and form vs. Examination of the measurement data acquired from different crystallographic directions (Fig. 4) shows that the rise in the hole diameter gradually proceeds to accelerate after 84 minutes. The effect is caused by the fact that at the early etching stage an excess material in the vicinity of the hole must be removed first. Up to this moment, the etching rate along the screw dislocation is fixed and amounts to 0.5 × 10 −2 nm·s −1 (as is marked in Fig. 4a ). After 84 minutes of dissolution, the rate has no longer its linear character and begins to differ for different directions. For 1 1 0 and 1 0 0 directions, the diameter rise rates are 6.5 × 10 −4 µm·s −1 and 5.6 × 10 −4 µm·s −1 , respectively. Removal of the excess material from the surface ensures an easy movement of atomic steps and lowers the step density of the hollow walls, which leads to a higher spacing between the steps. The hollow's walls are spreading like a wave on a smooth surface of water after dropping in a small stone. After 135 minutes of dissolution the screw dislocation dissolves completely. From this moment dissolution process begins to flatten the pit. Changes in the base side length of the pit are illustrated in Fig. 4b . Transformation of the base shape of the pit from square to rectangular shape indicates that removal of material from the 1 0 0 directions is slower due to a relatively high atomic packing density along these directions. Both the change of the shape and the constant pit-wall dissolution rate, observed after 135 minutes of water etching, are caused by the dissolution of the screw dislocation, which acts as a generator of atomic steps. Generation of atomic steps by the dislocation promotes the etching. Lack of this source stabilizes the dissolution process. The observed here etching phenomenon is in accord with the relatively new dissolution model of advancing wave of Lasaga and Lüttge [23] . In terms of their (so called stepwave) model, screw dislocation should be interpreted as a generator of atomic steps. Pit etching is a result of the removal of material that creates atomic steps. It causes their migration away from the center leading to total dissolution of the crystal [24] . Our observations of the process indicate that, among others, the spacing between the steps increases with increasing distance from the axis of the etched pit, which is in accord with the model. Similar processes have previously been observed [25] [26] [27] [28] [29] [30] [31] [32] [33] .
Moreover, we have found that the AFM probe affects the dissolution process during scanning the sample surface under conditions of a steady flow of the solution. The 3D tip of the cantilever disturbs the flow of the liquid and so the dissolved mass transfer, which was earlier reported [34, 35] . Local changes in crystallographic orientation and liquid flow lead to lowering of the efficiency of material removal. The high concentration of the dissolved substance over the sample surface locally saturates the solution, which inhibits the dissolution run. A scanning sweep of the tip gathers the dissolved material, which leads to the appearance of build-ups. The profile in the [1 1 0] direction deviates from the trapezoid, see black line in Fig. 6 . 
Conclusions
The presented results concern the process that occurs at the phase boundary between the KBr(1 0 0) surface and a weak isopropanol solution of water. The alcohol solvent does not cause any dissolution of the KBr crystal surface. A small amount of water added to the alcohol initiates the dissolution process. In the sites of screw dislocations on the (1 0 0) surface, a rise in dissolution rate is observed, which leads to etch pits formation. The pits are of a square base pyramid form. Time dependence of the pits growth enables estimation of the relative dissolution rate in the dislocation site. Distance between the atomic steps on the walls of the pit saturates after the screw dislocation dissolution. The pit walls spread outward with a constant rate. Kinetics of the pit evolution can be explained in terms of the stepwave model. A clear effect of AFM probe on the surface dissolution process is observed. The scanning itself disturbs the liquid flow and transfer of the dissolved material.
